Repetitive operations are widely conducted by automatic machines in the industry, and the periodic disturbances induced by such operations are a concern as they hinder the proper functioning of these machines. A periodic-disturbance observer (PDOB) has been studied previously to compensate for the periodic disturbances. This observer is a twodegree-of-freedom controller based on the observer structure estimating a periodic disturbance. However, the PDOB does not take aperiodic disturbances into account because it focuses only on periodic disturbances. This paper proposes an enhanced PDOB to enable the PDOB also to compensate for aperiodic disturbances. The enhanced PDOB is constructed by combining the PDOB and disturbance observer. Experiments were conducted using a multi-axis manipulator to compare the PDOB with the enhanced PDOB. The experimental results demonstrate the validity of the proposed method.
Introduction
Automatic machines are used to support industrial establishments conducting periodic activities instead of human beings. The automatic machines are useful for the industry because they can perform high-speed and high-precision motions and have capability working for long hours. Motion control methods have been studied for automatic machines. In particular, this study focuses on a periodic disturbance, which is typically induced by the periodic activities. As the periodic disturbance consists of a fundamental wave and harmonics including an infinite number of waves, it is difficult to be compensated.
In conventional studies, a disturbance observer (DOB) was proposed as a two-degree-of-freedom controller based on observer structure to estimate and compensate for disturbances (1) - (4) . The DOB does not affect input-output relation as the two-degree-of-freedom characteristic, and the tracking characteristic and disturbance suppression characteristic can be separately designed. In a motor control system, the DOB which compensates for disturbances is typically used as an c 2019 The Institute of Electrical Engineers of Japan. acceleration controller (5) (6) . As linear controller design, the DOB is also designed with the tradeoff between sensitivity and complementary sensitivity functions corresponding to robustness against disturbances and robust stability (7) . The DOB can directly design the sensitivity function and complementary sensitivity function because they are 1 − Q(s) and Q(s), respectively. Typically, the sensitivity function 1 − Q(s) is a high-pass filter suppressing disturbances and the complementary sensitivity function Q(s) is a low-pass filter for the noise sensitivity and robust stability (8) . However, the high-pass sensitivity characteristic is not sufficient to compensate for periodic disturbances because it includes harmonics at specific frequencies. For example, the periodic disturbances are torque ripple (9) (10) , current harmonics (11) (12) , and repetitive motion (13) . High-order DOBs have been studied to suppress several specific waves of the periodic disturbances (14) (15) . However, the high-order DOBs focus only on specific waves and do not take all waves of a periodic disturbance into account. Moreover, its implementation is complicated due to the high-order Q-filter.
A periodic-disturbance observer (PDOB) has been studied for periodic disturbance suppression (16) . The PDOB is designed to suppress not only specific frequencies but also all frequencies of a periodic disturbance with a time-delay element, which realizes the dynamics of the periodic disturbance. Moreover, the implementation of the PDOB is simple because of the simple Q-filter using a time-delay element. Unlike repetitive controls (RCs) (17) - (19) , it does not interfere with nominal command tracking characteristic and its time-delay element does not affect nominal stability because the PDOB is a two-degree-of-freedom controller based on observer structure. Furthermore, its sensitivity and complementary sensitivity functions can be simply modified by the design parameter γ. However, the PDOB has a problem regarding aperiodic disturbances whose frequencies are around those of the periodic disturbance. The aperiodic disturbances are not taken into consideration because the PDOB focuses on compensating only a periodic disturbance. As the aperiodic disturbances also occur in industrial applications, they need to be considered for practical use. In this paper, an enhanced PDOB is proposed to improve the aperiodicdisturbance suppression performance. The enhanced PDOB is constructed on the basis of combination design of the PDOB and DOB, which estimate and compensate for a periodic disturbance and aperiodic disturbance, respectively.
The rest of this paper is organized as follows. Section 2 describes the design of the PDOB based on dynamics of the periodic disturbance and problem regarding the aperiodic disturbances. The enhanced PDOB is proposed in Section 3. Experiments using a multi-axis manipulator are shown in Section 4. Section 5 is the conclusion.
Periodic-Disturbance Observer
Disturbance elimination is achieved by satisfying the internal model principle in a linear control system (20) . A disturbance is eliminated when a controller has the same dynamics as the disturbance. An equivalent PDOB shown in Fig. 1(b) that is a typical feedback control system is considered to design the PDOB with the internal model principle, A model of a periodic disturbance is expressed with the Fourier series expansion as
The model can be Laplace transformed with
where the dynamics of the periodic disturbance are
The equivalent controller 1 1−Q p (s) is designed to include the dynamics as poles.
In order to implement the infinite number of poles in (3) into the equivalent controller 1 1−Q p (s) of the PDOB, a characteristic polynomial using a time-delay element 1−e −Ls , which includes an infinite number of poles, is used. The characteristic equation:
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and the poles of (4) are
To equalize (6) with (3), the delay L is determined as
The equivalent controller 1 1−Q p (s) that has the same dynamics as the periodic disturbance in (3) is derived by using (4) and (7) as
Finally, the Q-filter based on (8) is
where q p (s) is an additional low-pass filter to improve the noise sensitivity and robust stability. The block diagram of the PDOB is shown in Fig. 2 . The effect of the additional low-pass filter q p (s) on the poles is considered. In this paper, q p (s) is assumed to be a first-order low-pass filter as
The modified equivalent controller is derived by substituting (9) for the equivalent controller
Then, the characteristic equation of (11) is
where 1 g p γ s is the influence of the additional low-pass filter q p (s) in comparison with (4) . Because the parameters are typically set as γ = 0.5 and 100 rad/s ≤ g p ≤ 10000 rad/s, 1 g p γ s is a small value between 0.02 s and 0.0002 s. Therefore, 1 g p γ s can be approximately ignored, and the infinite number of poles in (6) is approximately realized under the additional low-pass filter q p (s).
Next, sensitivity and complementary sensitivity functions of the PDOB are considered to clarify the problem of the PDOB. The sensitivity function S (s) and complementary 
Bode diagrams of the sensitivity and complementary sensitivity functions are shown in Fig. 3 . The sensitivity function corresponds to the disturbance suppression and the complementary sensitivity function corresponds to the robust stability and noise sensitivity. Figure 1(c) shows the functions as the disturbance sensitivity and noise sensitivity. The frequency characteristic of the sensitivity function is
where Ω p = ω/g p . In regard to Ω p , the sensitivity characteristic can be expressed as follows Ω p 1 :
The sensitivity characteristic γ(1 − e − jωL ) in the frequency range satisfying Ω p 1 has the problem regarding aperiodic disturbance suppression performance as mentioned bellow.
The gain of γ(1 − e − jωL ) is
at the frequencies ω b1 and ω b2 defined by
The PDOB can eliminate disturbances at the frequency ω b1 , which corresponds to frequencies of a periodic disturbance. However, it cannot suppress aperiodic disturbances at the frequency ω b2 . The sensitivity characteristic of the PDOB has a high-pass characteristic in the frequency range satisfying 2πγω/ω 0 1. The characteristic can be confirmed by approximating the gain of γ(1 − e − jωL ) with the Taylor expansion as
where the gradient is 20 dB/decade. Its cutoff frequency is the minimum positive solution of
For example, when γ is 0.5, the cutoff frequency is
The high-pass characteristic indicates that the PDOB can suppress low-frequency aperiodic disturbances as a DOB when the fundamental frequency ω 0 of the periodic disturbance is in the high-frequency range because the cutoff frequency ω cut also becomes a high-frequency value. Conversely, the PDOB cannot sufficiently suppress lowfrequency aperiodic disturbances when the fundamental frequency ω 0 is in the low-frequency range. This paper proposes the enhanced PDOB to solve the problem.
Enhanced Periodic-Disturbance Observer
An enhanced PDOB that can also compensate for aperiodic disturbances is proposed. In addition to the system shown in Fig. 1(c) whose periodic disturbance is suppressed by the PDOB, a DOB is installed to estimate and compensate for aperiodic disturbances as shown in Fig. 4 . The Q-filter of the DOB uses the first-order low-pass filter as
The DOB can estimate the remaining aperiodic disturbances as the periodic disturbance is compensated by the PDOB. The nominal equivalent block diagram of the enhanced PDOB is shown in Fig. 5 . The multiple 1 − Q p (s) and 1− Q a (s) work to suppress disturbances. 1 − Q p (s) is designed to suppress the periodic disturbance and 1 − Q a (s) is designed to suppress the aperiodic disturbances. The sensitivity function and complementary sensitivity function of the enhanced PDOB are 
Bode diagrams of the sensitivity and complementary sensitivity functions are shown in Fig. 6 . The frequency characteristic of the sensitivity characteristic is expressed by
where Ω a = ω/g a . In regard to Ω p , the sensitivity characteristic is expressed as follows Ω p 1 :
At ω b1 and ω b2 , the gain of (29) is
The differences between (16) and (29) and between (19) and (32) show that the enhanced PDOB achieves the additional Fig. 7 , which is the enlarged view of Fig. 6(a) , clearly shows that the enhanced PDOB has the effective aperiodic disturbance suppression performance with the highpass characteristic. The whole block diagram of the enhanced PDOB is shown in Fig. 8 .
The enhanced PDOB has four parameters: the period L, design parameter γ, cutoff frequency of the PDOB g p , and cutoff frequency of the DOB g a . The period L and design parameter γ can be designed as L = to the reference paper (16) . In this paper, the cutoff frequencies g p and g a are set to be the same g p = g a because they have the same function adjusting the tradeoff between the sensitivity and complementary sensitivity functions. Then, the sensitivity and complementary sensitivity functions become
in the frequency domain, where Ω p = ω/g p = ω/g a . Furthermore, the functions with respect to the cases of Ω p can be approximately derived as follows Ω p 1 : 
Thus, the gain of the sensitivity function and complementary sensitivity function can be designed through those of the high-pass filter jΩ p 1+ jΩ p and low-pass filter 1 1+ j0.5Ω p , respectively. Accordingly, the cutoff frequency g p is determined by requirements for the high-pass filter and the low-pass filter. The Bode diagrams illustrating the inequalities in (42) and (43) are shown in Fig. 9 .
Experiments
The experiments were conducted to validate the proposed enhanced PDOB. The proposed method was compared with the DOB and PDOB. The position control system shown in Fig. 10 was implemented, and the used experimental parameters are summarized in Table 1 . The experimental system is the multi-axis manipulator shown in Fig. 11 .
The experimental results are shown in Fig. 12 . The errors of the experimental results are shown in Fig. 13 . The discretetime Fourier transform (DFT) results of Fig. 13 are shown in Fig. 14 . Numerically, Tables 2 and 3 show the error amplitude at the fundamental frequency and several harmonics of the periodic disturbance and RMSEs in the low-frequency ranges: f r ≤ 1, 1 < f r ≤ 5, and f r ≤ 5. From the results, the PDOB realized the better periodicdisturbance suppression than that of the DOB. In the frequency domain analyzed in Fig. 14 and Table 2 , the practical results of the PDOB suppressing the fundamental wave and harmonics can be confirmed. However, it has the problems: the transient error caused by its time-delay element and the offset, as shown in Fig. 13 . Also, the worse aperiodic-disturbance suppression performance in the low-frequency range can be confirmed with Fig. 14 and Table 3 . The enhanced PDOB achieved suppressing both the 
Conclusion
The PDOB that was proposed to compensate for a periodic disturbance does not take aperiodic disturbance into account. Accordingly, the aperiodic disturbances in lowfrequency range cannot be sufficiently suppressed when a fundamental frequency of a target periodic-disturbance is in the low-frequency range. In order to improve the aperiodicdisturbance suppression performance of the PDOB, this paper proposed the enhanced PDOB. The proposed method was constructed by combining the PDOB and DOB. As a result, the sensitivity function of the enhanced PDOB obtained an additional high-pass characteristic, which suppresses the aperiodic disturbances. The experiments showed the problems of the PDOB and validated the improvement of the enhanced PDOB.
